of the muscle function and the preservation of homeostasis during exercise. Although a number of factors such as metabolic products are involved in the regulation of MBF (Bjornberg et al. 1989 ), the actual mechanisms by which MBF is regulated are not clear. A small amount of blood flow to skeletal muscle during the resting state, approximately 3-5 ml/min/100 g, increased as high as 10 to 15 times in response to the contraction of the human forearm and calf muscles (Shepherd 1983 ). On the other hand, a rise of IMP during muscle contraction may elicit a decrease in MBF (Gaskell 1877; Shepherd 1983; Sejersted et al. 1984 ; Styf et al. 1987 ). Edwards predicted IMP would elevate close to 700 Torr at a maximum voluntary contraction in the human quadriceps (Edwards et al. 1973 ). It has also been reported that changes in the regional IMP during isometric contraction differed from region to region (Sejersted et al. 1984) , thereby indicating heterogeneity of responses of IMP to exercise. In additoin, heterogenous blood flow distribution during maximum muscle contraction (Wisnes and KirkebO 1976) , may be misinterpreted for changes in MBF during exercise or muscle contraction. Therefore, we deemed it important to measure regional MBF with a simultaneous determination of IMP at the same position to elucidate hemodynamic changes during muscle contraction.
In the present study regional IMP and MBF in the midpoint and distal portion of the canine gracilis muscle were measured during induced muscle contraction. For this purpose, we developed a probe to determine the regional tissue blood flow in the different areas of skeletal muscle. The validity of the HTC probe was assessed by the conventional 112 clearance method. MBF and IMP were also determined with and without muscle contraction induced by nerve stimulation at different frequencies, using the HTC method and a catheter-tip pressure transducer, respectively.
METHODS

Theory of operation of HTC
The amplification system and the HTC probe used in the present experiment are depicted in Figs. 1 and 2 . The coil is heated by a current, holding 1 volt, supplied from the amplifier. Heat generated by the coil makes a temperature difference (T) between the hot and cold junctions. An electromotive force (EMF) is thereby generated between the coupled electrodes in proportion to this difference (E is EMF) ;
A copper-constantan (an alloy of 40% nickel and 60% copper) thermocouple generates 40 .7 ,uV/°C at the usual body temperature (Reid et al. 1977) . Temperature difference is inversely proportional to thermal conductivity (,1) of the tissue if the probe is fixed in the tissue (Golenhofen and Hildebrandt 1962) ;
A is directly related to tissue blood flow (Grayson 1952) ;
Tissue blood flow a (A -Ao)
Where Ao is the thermal conductivity when blood flow has ceased. Therefore, tissue blood flow is estimated from the differences between the EMFs generated in the HTC experiments, and can be calculated using equation (4) which is derived from equations (1) to (3) ;
where K is a proportionality constant, Eexp is EMF during an experiment and Eo is EMF when blood flow ceases.
Evaluation of HTC in vitro
Since a marked rise in temperature may cause deterioration of local tissue function or induce a change in the blood flow, effects of HTC on the surrounding temperature were monitored by an infrared camera, with subsequent subtraction utilizing a computer (JTG-3,300 ; Japan Electro Optic Laboratory, Tokyo). A beaker filled with 10% gelatin gel was placed in a heat sink (30°C), the HTC probe was placed in the beaker, and the tips of the needles were just below the surface of the gel. The thermal conductivity of 10% gelatin is almost the same as that of the skeletal muscle (Bowman et al. 1975 ). To avert heat dissipation by evaporation, the surface of the gel was covered with Saran Wrap. The long term stability of EMF from the HTC probe was checked. The HTC probe was left in distilled water with silicious gel at 30°C, and the EMF was continuously measured for 1 hr (n = 5).
A rise in the muscular temperature produced by muscle contraction or a circumstantial temperature per se may affect the value of EMF. Therefore, in the next series of experiments, we measured the EMF generated by the HTC probe while varying the gel temperature from 25 to 40°C.
The relationship between thermal conductivities and EMF was examined in each HTC probe utilizing at two points. 
Animal preparation
Healthy mongrel dogs of both sexes and ranging in body weight from 12-15 kg (n =18) were anesthetized with pentobarbital sodium (30 mg/kg, i.v.) and supplemented as required . A tracheostomy was performed and the animals were ventilated artificially with a Havard respirator (Model-607; Havard Apparatus, Southnatick, MA , USA). Both hindlimbs were fixed to the limb holder with supporting bars passing through femurs, tibias and fibulas . A catheter was placed in the aorta, and blood pressure and heart rate were continuously monitored.
The right gracilis muscle was exposed almost over the entire length. The ramus to the gracilis muscle of the obturator nerve was tied and cut. An electrode was placed over the distal portion and connected with an electric stimulater (SEN-2101; Nihon 
Comparison of MBF measurements by HTC with the inhalated H2 clearance
In 9 dogs, the HTC probe and the 112 electrode (BE-NS-200-30; Biomedical Science, Kanazawa) were fixed at the midpoint of the gracilis muscle, at 2-3 mm apart. Animals were ventilated with room air containing 112 (6 to 7%), until concentration of 112 in the muscle reached a plateau. Thereafter, inhalation of 112 was stopped and tissue 112 cocentration was monitored until it returned to the baseline value. The 112 clearance curve was analyzed by the two compartment model (H¢edt-Rasmussen et al. 1966 ; Klocke 1976) with the minimum Akaike's information criterion and the tissue blood flow was calculated (Akaike 1974 ). MBF, determined by the HTC method, was expressed as the difference between the reciprocals of the EMF's observed during the experiment and after the animal was killed and blood flow ceased.
During stimulation with square waves of 2-6 V, 0.1 ms duration, at 5 Hz, for 5 min, MBF was measured simultaneously by the HTC and inhalated 112 clearance methods. Flow measurements were repeated 6 times at more than 30 min intervals. MBF values obtained by the 112 clearance method were plotted against those obtained by the HTC method (see Fig. 5 ). A simple linear regression analysis was made.
Regional MBF measured by HTC Regional MBF, gracilis arterial blood flow rate (total MBF) and IMP were similarly measured during electrical stimulation at square waves of 6 V, 0.1 ms and 5 Hz of rhythmic twitch contraction, or 100 Hz of tetanic contraction, for 1 min in another group of 9 dogs.
A flow probe (FB-01ST or FB-020T ; Nihon Kohden, Tokyo) was placed on the branch of the femoral artery to the gracilis muscle, and total MBF to the muscle was determined using an electromagnetic flowmeter (MFV-2100 ; Nihon Kohden, Tokyo).
Two HTC probes were fixed on the medial side of the gracilis muscle. One was placed at the midpoint, the level of the gracilis artery, and the other at the distal portion just proximal to the myotendinous junction. Eo was measured after the animal was killed by an over dose of sodium pentobarbital when blood flow ceased. To calculate regional MBF using the HTC method, the regression line obtained from the MBF determined by the 112 clearance method and (1/Eexp -1/E0) were used.
IMP was measured using two solid-state catheter-tip transducers (12D-105; Gaeltec, Dunvegan, Scotland). These were introduced into the muscle belly from the distal end via a 14-gauge catheter and fixed at the midpoint and distal portion, just close to tips of the HTC probe.
Statistical analysis
All values were expressed as means +s.E. and analyzed either by analysis of variance combined with Duncan's test (Duncan 1955 ) or Student's t-test where appropriate. Statistical significance was accepted at the p <0.05 level.
RESULTS
Evaluation of HTC in vitro
The imaging of temperature distribution viewed using an infrared camera revealed concentric circles. At the core of the heat production generated by the heater of HTC, the temperature was only about 1°C higher than the surrounding area. When the HTC probe was left in distilled water with silicious gel for 1 hr, the EMF was stable (initial ; 208.4+3.78 mV, final ; 206+2.55 mV, n=5). EMF was not affected by the circumstantial temperature (25 to 40°C) in 10% gelatin gel (Fig. 4A) .
The relationship between thermal conductivities (A) of homogeneous isotropic liquids in which the HTC probe was placed and reciprocals of the EMF generated by HTC is shown in Fig. 4B . The EMF values of the HTC probes observed in distilled water, were lowest and differed with the probe used, 154.4+ 1.2 mV at the midpoint and 209.2 + 2.2 mV at the distal portion. The regression equation relating A to 1/Em in the probe used at the midpoint was expressed as follows ; A =3.25 X 105 X 1/Em -97.8 (r=0.982) (5) and the probe at the distal portion was expressed as follows ;
A =2.02 X 105 X 1/Ed + 154.1 (r=0.990)
Where Em and Ed are EMF from the probe at the midpoint and distal portion, respectively. It was clearly demonstrated that the thermal conductivities and the reciprocals of EMF showed an excellent linear correlation with each probe placed in 5 kinds of liquid. Solving the equations (5) and (6) for 1/Ed yields 1/Em =0.622 X 1/Ed + 7.75 X 10-4
Comparison of MBF measurements by HTC with the inhalated H2 clearance MBF was increased by stimulation diversly but in a voltage-dependent manner, and the value during ENS remained constant. The correlation between regional MBF at the midpoint determined by 112 clearance and HTC methods in anesthetized animals is shown in Fig. 5 . There was a close correlation between Fig, 4 . Effects of the temperature and thermal conductivity of surrounding materials on the electromotive force generated in the heated thermocouple.
(A) Reciprocals of the electromotive force (EMF) of the heated thermocouple (HTC) in 10% gelatin gel were plotted against the gel temperature (25-40°C).
(B) Reciprocals of EMF generated in the HTC prove were plotted against the thermal conductivities of liquids in which the probe was placed ; the liquids were homogeneous isotropic materials in thermal steady state. o, water ; •, saturated saline ; •, 10% gelatin ; •, 30% gelatin ; o, glycerol.
these two values, as follows ;
In the second probe placed at the distal portion of the gracilis in the next protocol, the correlation between EMF and MBF determined by the 112 clearance method was obtained using equations (7) and (8), as follows ;
Regional MBF and IMP During both the 5 Hz rhythmic twitch and 100 Hz tetanic contraction, total gracilis MBF measured by the electromagnetic flowmeter increased instantaneously (Fig. 6 ). The total gracilis MBF was increased 4-fold from 2.30+0.29 ml/min to 8.52± 1.44 ml/min at 5 Hz, and from 2.21± 0.32 to 8.05± 1.65 ml/min at 100 Hz. Following the cessation of stimulation, total MBF reverted toward the control levels within a few minutes. Regional MBF during 5 Hz twitch determined by HTC increased from 6.48+ 1.36 to 19.2± 3.82 ml/min/ 100 g at the midpoint and from 8.20± 1.72 to 18.4± 3.34 ml/min/100 g at the distal portion. When the gracilis muscle was stimulated with 100 Hz, regional MBF at the distal portion increased from 6.39+ 1.71 to 21.2 + 5.29 ml/min/100 g. On the other hand, regional MBF decreased from 8.15+ 1.55 to 4.09+ 1.54 ml/min/100 g at the midpoint 1 min after start of the stimulation, following a transient increase in MBF (Fig. 6 and Table 1 ).
As shown in Fig. 7 , IMPS at rest was 2.1+0.5 mmHg at the midpoint and 2.0 + 0.8 mmHg at the distal portion. These values were not affected in either region by 5 Hz twitch (midpoint, 3.0 ±0.64 mmHg ; distal, 3.0± 1.2 mmHg) . However, at 100 Hz stimulation, IMP at the midpoint showed a marked spike followed by a sustained increase to 27.9+8.43 mmHg, 1 min after start of the stimulation.
There was no significant change in the distal IMP (3 .9±0.96 mmHg) (Fig. 7) .
With this duration of stimulus (0.1 ms), the sympathetic activity which regulates vascular tone is not affected, because a square-wave duration of 2.0 ms is required to affect sympathetic nerve activities, independent of muscle contraction (Honig and Frierson 1976) . The absence of a vascular response to electrical nerve stimulation used in the present experiment after skeletal neuromuscular blockade (Pancronium bromide, 1.0 mg/kg, i.v.) also confirmed that the effects on MBF were not mediated through alterations by electrical nerve stimulation in sympathetic nerve activity (data not shown).
DISCUSSION
The HTC method first described by Gibbs (1933) has been widely used, often with modifications, to determine regional blood flow within a tissue including myocardium (Bjornberg et al. 1989 ), brain (Carter et al. 1981 ) and kidney (Tsuchiya et al. 1989). We developed a new type of HTC probe and applied the HTC method to measure MBF at rest and also during contraction of the dog gracilis muscle. Measurement of blood flow using HTC methods can be unreliable, since there is some distance between the hot junction (the sensor probe for temperature) and the heater. The direction of blood flow change can therefore influence estimation of blood flow in the tissue (Satoh et al. 1980) . In an attempt to overcome this disadvantage, we set the hot junction in the center of the heated coil. Fig. 4 clearly shows that the reciprocal values of EMF generated in HTC are a direct function of thermal conductivities. This approach makes feasible estimating tissue blood flow when the changes in regional blood flow lead to proportional changes in tissue thermal conductivity, which in turn can be detected as changes in EMF (Grayson 1952) .
For the in vitro evaluation of the HTC probe, the heat generated by the probe raised the local temperature at most 1°C. Thus, a slight local increase in tissue temperature is unlikely to affect the muscular function or MBF. In addition, EMF was stable for at least 1 hr when the probe was left in fluid of a fixed thermal conductivity, thereby indicating that a continuous monitoring of tissue blood flow was feasible. Since no change was observed in EMF generated by the probe in a 10% gelatin gel from 25 to 40°C (Fig. 4) , an increase in tissue temperature of muscle, per se, does not seem to alter the regional MBF, using the present HTC method. These data taken together show that the in vivo application of the HTC probe for continuous estimations of local blood flow, even in the skeletal muscle during contraction can be made. Our data clearly showed a positive linear correlation between the regional MBF measured by HTC and the inhalated 112 clearance (Fig. 5) . The relationship was in good agreement with Grayson's findings in spleen and kidney (Grayson 1952 ). Blood flow rate in the arteries to the gracilis muscle was measured using an electromagnetic flowmeter. The total gracilis MBF was remarkably increased from the control value at rest of 2.30+0.29 to 8.52+ 1.44 ml/min with 5 Hz stimulation, and from 2.21+0.32 to 8.05+1.65 ml/min with at 100 Hz. Following the cessation of stimulation, total MBF reverted toward the control levels, within a few minutes. When MBF values were divided by the weight of the gracilis muscle, total MBF at rest was 6.57+0.82 ml/min/100 g tissue before the 5 Hz stimulation and 6.32+0.93 ml/min/100 g tissue before the 100 Hz stimulation (Table 1) . These values were practically equivalent to regional MBF measured by HTC. Thus, a very small amount of blood supply to the skeletal muscle during a resting state can be estimated with the present HTC probe. Total MBF measured by an electromagnetic flowmeter increased to 24.3± 4.10 ml/min/ 100 g tissue during 5 Hz stimulation and 23.0 + 4.75 ml/min/ 100 g tissue during 100 Hz stimulation.
These values are also in a good agreement with those obtained with HTC, except at the midpoint during 100 Hz tetanic contraction. Although changes in total and regional MBF were the same during 5 Hz rhythmic twitch contraction, MBF showed unique characteristics during the tetanic contraction.
Canine locomotor muscles are comprised of type 1 and type 2 fibers. Again MBF varies with the fiber content (Osborn et al. 1986 ). But Armstrong et al. stated that the proportion of different fiber types was similar both at the midpoint and the distal portion of the gracilis muscle (Armstrong et al. 1982) . Therefore, the changed MBF at the midpoint and distal portion, observed only during tetanic contraction, cannot be attributed to any particular fiber distribution.
Sustained decrease in MBF at the midpoint is preceeded by a transient increase. Transient factors such as a physical ejection of blood from muscle tissue to the gracilis vein may be attributed to the initial increase of tissue blood flow by tetanic contraction.
Our data show that IMP increased only in the midpoint during tetanic contraction at 100 Hz, a point where a decrease in regional MBF was observed. On the other hand, no significant increase in IMP was found at either midpoint or distal portion during the 5 Hz twitch, or at the distal portion during 100 Hz stimulation where a regional blood flow increase was observed. These findings strongly suggest that the decline in regional MBF observed only in the midpoint during tetanic contraction may be explained by increased IMP.
In 1877, Gaskell showed that the MBF decreased in dog calf muscles during contraction (Gaskell 1877) , and this finding was confirmed (Henderson et al. 1936 ; Hill 1948; Mazzella 1954 ). An increase in IMP might raise the hydrostatic pressure of interstitial fluid and/or raise the fiber solid pressure, compressing the vascular beds (Gray et al. 1967) . It was also suggested that the arterial vasculature constricts when venous pressure is elevated (Johnson 1978 ). An elevation in venous pressure results in a significant constriction of small arterioles in the cremaster muscle (Meininger et al. 1987) . Therefore, it is likely that an IMP of about 30 mmHg causes a mechanical restriction against the increase in regional MBF at the midpoint during tetanic contraction (Meininger et al. 1987 ).
In conclusion, the HTC we used proved to be a valuable tool for the continuous measurement of regional blood flow in dog skeletal muscles. Heterogenous blood flow distribution (decreased at the midpoint and increased at the distal portion) was observed during 100 Hz electrical stimulation, even though the total MBF increased. It is suggested that the increased IMP observed only at the midpoint is related to the decreased MBF observed locally, following tetanic contraction induced by 100 Hz.
